A series of rod-coil miktoarm star copolymers consisting of poly [2,7-(9,9-dihexylfluorene)] (PF) and polylactide (PLA) arms as the rod and coil segments, respectively, were synthesized by combining the chain-growth Suzuki-Miyaura coupling polymerization and living ring-opening polymerization (ROP). First, PFs having a hydroxyl group at the α-chain end (PF-BnOH) were prepared by the polymerization of 2-(7-bromo-9,9-dihexyl-9H-fluorene-2-yl)4,4,5,5-tetramethyl-1,2,3-dioxaborolane using the initiating system of 4-(tetrahydropyran-2'-yloxymethyl)-iodobenzene/Pd2(dba)3/t-Bu3P. 
Introduction
Recent progress in synthetic polymer chemistry has enabled us to design and synthesize a wide array of macromolecules with complex architectures, such as star, comb, cyclic, and multicyclic shapes, which provided further insight into their structure-property relationship and expanded the scope of the potential applications of polymeric materials. [1] [2] [3] [4] [5] Among the architecturally-complex macromolecules, the miktoarm star copolymer, 6, 7 which is one of the star-shaped copolymers that is composed of more than two chemically distinct polymer arms, is of particular interest because of its block copolymer (BCP)-like nature to form miceller aggregates in solution and microphase-separated structures in the bulk, whose nano-ordered structures can be varied by modulating the arm number and arm length. 8 For the coil-coil BCP system, a significant effort have been devoted to understanding the relationship between the macromolecular architectures and resulting self-assembled structures by employing precisely synthesized BCP samples. For example, Hadjichristidis and coworkers intensively studied the preparation of coil-coil miktoarm star copolymers consisting of polystyrene and polyisoprene arms via the living anionic polymerization combined with chlorosilane compounds. 6, [9] [10] [11] [12] Meanwhile, Hirao and coworkers established an iterative route based on the living anionic polymerization to a wide array of miktoarm star copolymers containing two or more different polymer arms. [13] [14] [15] [16] [17] [18] In addition, the combination of living radical polymerizations and living ring-opening polymerizations have been successfully utilized to create miktoarm star copolymers consisting of various kinds of polymer arms. [19] [20] [21] [22] However, a challenge still exists in the precise synthesis of miktoarm star polymers containing rod-like blocks mainly due to the difficulty in the preparation of the well-defined rod-like polymer segment. Although several pioneering studies concerning the miktoarm star polymers containing rod-like blocks, such as poly(L-glutamic acid), 23, 24 poly(n-hexyl isocyanate), [25] [26] [27] [28] and poly(3-alkylthiopehe)s, [29] [30] [31] have been reported, the effect of the miktoarm type architectures on the self-assembling behaviors remains largely unexplored.
The main-chain conjugated polymer, such as poly(phenylene)s, poly(phenylenevinylene)s, poly(thiophene)s, and poly(fluorene)s, is the most important class of rod-like polymers, whose distinctive opto-electronic properties are highly interesting for creating organic devices, such as sensors, 32, 33 organic light-emitting diodes (OLED), [34] [35] [36] organic field-effect transistors (OFET), 37, 38 organic photovoltaics (OPV), [39] [40] [41] and memory devices. 42, 43 Among them, poly(fluorene)s are highly promising materials for such applications because of their high fluorescence quantum yield and excellent charge carrier mobility. 44, 45 However, the strong π-π stacking interaction between the PF chains leads to forming randomly oriented aggregates, resulting in the significant loss of the device performance. 46, 47 On the other hand, it had been found that the BCPs consisting of PF and coil blocks self-assembled into certain nanostructures with a controlled PF chain orientation, [48] [49] [50] [51] which might be beneficial for improving the PF-based device performance. For example, we discovered that the triblock copolymers of poly[2,7-(9,9-dihexylfluorene)]-b-poly(N-isopropylacrylamide)-b-poly(N-methylolacrylamide)s and their electrospun nanofibers could form ordered lamellar structures to optimize their photophysical properties for sensing applications. 52 Therefore, the control of the self-assembled nanostructures of the PF-based rod-coil BCPs through the design of a macromolecular architecture should be of fundamental interest.
In order to study the correlation between the macromolecular architecture and self-assembled nanostructures in PF-based rod-coil BCPs, we now report the synthesis of a series of PF-based rod-coil BCPs consisting of poly[2,7-(9,9-dihexylfluorene)] (PF, as A block) and polylactide (PLA, as B block) with AB2 and AB3 type miktoarm star-shaped architectures by controlled/living polymerization methods. The corresponding linear AB type BCPs were also prepared for comparison. We employed PLA as the coil block, which is highly desirable for future applications because the PLA can be easily removed from the self-assembled nanostructures by hydrolysis, leading to nanopatterned arrays of the PF chain. 53 Our synthetic strategy for the linear diblock and miktoarm star copolymers is outlined in Scheme 1. First, the PF macroinitiators possessing hydroxyl groups at the α-chain end were prepared via the chain growth Suzuki-Miyaura coupling polymerization 54, 55 and subsequent chain end modifications in which the hydroxyl groups on the macroinitiators served as the initiating sites for the subsequent ROP. The obtained macroinitiators were then subjected to the living ROP of rac-lactide (rac-LA), leading to the AB2 and AB3 type miktoarm star copolymers, i.e., PF-b-(PLA)2 and PF-b-(PLA)3, respectively, as well as the corresponding AB type linear diblock copolymers, i.e., PF-b-PLA. The preliminary study of the self-assembled nanostructure of the obtained BCPs was performed on the bulk samples by small angle X-ray scattering and transmission electron microscopy. Commercially-available dry THF (Kanto Chemical Co., Inc., >99.5%, water content, <0.001%) was further purified by an MBRAUN MB SPS Compact solvent purification system equipped with a MB-KOL-C column and a MB-KOL-A column, which was then directly used for the polymerizations.
Instruments. The polymerization was carried out in an MBRAUN stainless steel glovebox equipped with a gas purification system (molecular sieves and copper catalyst) in a dry argon atmosphere (H2O, O2 <1 ppm). The moisture and oxygen contents in the glovebox were monitored by an MB-MO-SE 1 moisture sensor and an MB-OX-SE 1 oxygen sensor, respectively. A solution of 5-hexynoic acid (113 μL, 1.0 mmol) in dry CH2Cl2 (100 mL) that had been deoxygenated by Ar bubbling was transferred to the flask via a cannula under an argon atmosphere.
After stirring for 24 h at room temperature, the solvent was evaporated to dryness. ( 2 ) where λ is the wavelength of the incident X-rays and θ is the scattering angle.
Results and Discussion
Synthesis of polyfluorene-based macroinitiators. Our initial effort was directed toward the establishment of a precise synthetic method for the benzylalcohol end-functionalized poly[2,7-(9,9-dihexylfluorene)] (PF-BnOH) with the narrow dispersity (Ð) and high level of end-group fidelity, which is very important for the access to well-defined BCPs. Recently, Hu et al.
reported the sophisticated synthesis of PFs through the chain growth Suzuki-Miyaura coupling polymerization with the intrinsic initiator that consisted of p-substituted iodobenzene derivatives, Pd2(dba)3, and t-Bu3P, in which the p-substituted phenyl group is incorporated at the α-chain end. 57, 58 However, the use of 4-(tetrahydropyran-2'-yloxymethyl)-iodobenzene (1) as the initiator using Hu's procedure has never been reported. According to the reported polymerization condition, we first Figure 1a) , the major signals due to the fluorene backbone (7.93 -7.57 ppm: proton A) and hexyl side chain (2.12: proton B, 1.36 -0.66 ppm: proton C and D) were observed, which are consistent with the reported 1 H NMR data. 57, 58 In addition, a minor signal due to the benzyl proton located at the α-chain end (proton a) was observed at 4.79 ppm, minor unassignable peaks were observed in the range of 1000 -4000 Da, the end group fidelity was estimated to be >95% by the MALDI-TOF MS analysis. Thus, the well-defined PFs possessing a benzyl alcohol moiety, i.e., PF-BnOH, with a sufficient end group fidelity were produced. With the well-defined PFs in hand, we next prepared the PF macroinitiators possessing one, two, and three hydroxyl groups at the α-chain end (PF-OH, PF-(OH)2, and PF-(OH)3, respectively). Suzuki-Miyaura coupling polymerization followed by end group modifications. ROPs were conducted in the presence of 1 mol% DBU in CH2Cl2 at room temperature, and the BCPs were obtained as a light yellow powder in 48.8 -97.3% yields after reprecipitation. Table 3 summarizes the results for the BCP synthesis. Figures 3 and S2 show the SEC traces of the obtained BCPs together with the corresponding macromonomers. The elution peak of the macromonomer shifted to the higher molecular weight region after the DBU-catalyzed ROP of rac-LA, indicating that the ROP was initiated from the corresponding macroinitiators. The 1 H NMR spectra of the products (Figure 4a -c) showed the major signals due to PLA backbone (protons α and β) as well as PF backbone (protons A, B, C, and D) along with minor signals due to the junction between the PF and PLA block. In addition, the signals assignable to the methine proton adjacent to the ω-end hydroxyl group of the PLA block (proton γ) were observed at 4.35 ppm, from which the requisite PLA arm number was verified. These 1 H NMR and SEC analyses confirmed that the desired BCPs consisting of the PF and PLA blocks were successfully obtained.
The fPF of the obtained BCPs were calculated to be 0.52 -0.56 for the PF5k-b-(PLA)x series and 0.22 -0.23 for the PF2.5k-b-(PLA)x series (x = 1, 2, and 3 for AB, AB2, and AB3 type BCPs, respectively).  / ppm and the thermal decomposition temperatures for a 5% weight loss (Td,5%) were in the range of 262 -301 °C. In the second heating DSC traces, all the BCPs displayed two independent glass transition temperatures (Tgs) at ca. 40 °C and ca. 60 °C corresponding to the PLA and PF blocks ( Figure S4 ), which is an indication of the microphase separation between these two blocks.
Morphological investigation. The morphological structures of the BCPs in the bulk state were studied using synchrotron small-angle X-ray scattering (SAXS) measurements as well as transmission electron microscope (TEM) observations. We first examined the morphologies of the hexagonally-closed packed cylinder morphologies, as can be seen in the SAXS profiles. Thus, the higher coil content is important for the self-assembly into ordered microphase-separated structures.
More importantly, we found that the domain-spacing values for the Hex phases of PF2.5k-b-PLA, PF2.5k-b-(PLA)2, and PF2.5k-b-(PLA)3 decreased with the increasing arm number of the PLA block.
Since the opto-electronic properties of the main chain-conjugated polymers were found to correlate with their morphology in the solid state, the controllability of the domain-spacing for the rod-coil
BCPs should be of high interest as a new factor for the devise design strategy. We are currently investigating the correlation between the memory device performance and nanostructures of the PF-b-(PLA)x BCP samples in order to provide better guidance to produce a variety of digital memory properties.
